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ABSTRACT
The role of working memory in fraction arithmetic: Eye tracking during a dual task
By
Krystal Kamekona-Mendoza
Dr. Colleen M. Parks, Examination Committee Chair
Associate Professor of Psychology
University of Nevada, Las Vegas
Fractions are first introduced at the elementary school age, yet difficulty with fraction
computation (i.e., adding, subtracting, multiplying, and dividing) continues to persist throughout
adulthood. Research suggests that fraction knowledge is predictive of future math achievement
and success in algebra. Given the early age at which this concept is introduced and the critical
role that it plays in future mathematics success, it is important to better understand the cognitive
mechanisms involved in fraction computation and why students continue to struggle with this
concept. The role of executive function (e.g., attention, inhibition, working memory) in fraction
arithmetic is complex. While working memory is essential for multi-step mathematical tasks, the
role that working memory plays in fraction arithmetic is unclear. This study used a dual task
paradigm (a fraction addition task paired with a memory recall task) to examine the role of
working memory in fraction arithmetic. Problem-solving strategies were examined via eye
movements to assess procedural fraction knowledge and individual differences in mathematics
achievement, mathematics anxiety, and conceptual fraction knowledge were assessed to examine
their potential impact on fraction performance. Results suggest that available working memory
resources are essential for undergraduate students’ fraction performance. Behavioral and eye

iii

tracking results aligned to reveal clear memory load, problem size, and individual difference
effects.
Keywords: eye tracking, working memory, fractions, arithmetic
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CHAPTER 1
INTRODUCTION
Much of our mathematical foundation is formed in the early years of elementary school
when we are introduced to whole numbers, taught how to compare the magnitudes of those
numbers as well as how to manipulate those numbers using addition, subtraction, multiplication,
and division. Fractions are introduced shortly thereafter at about third or fourth grade (National
Council of Teachers of Mathematics, 2006). Over the course of approximately three years,
students are expected to master this concept, including fraction computation (i.e., adding,
subtracting, multiplying, and dividing fractions), estimation, and solving word problems with
fractional components (Kilpatrick, Swafford, & Findell, 2001). Although fractions are introduced
at a rather early time in our education, students continue to struggle with the concept well into
high school and even college. When surveyed, a group of algebra teachers described fractions as
being a key obstacle to future mathematics success (National Mathematics Advisory Panel,
2008). More recent research suggests that fraction knowledge is predictive of future math
achievement and success in algebra. (Siegler, Duncan, Davis-Kean, Duckworth, Claessens, &
Engel, 2012). Algebra itself has been linked to future success in more difficult mathematics and
science courses, which in turn can have lasting impacts on career opportunities (Geary, Hoard,
Nugent & Rouder, 2015; Stein, Kaufman, Sherman & Hillen, 2011). The importance of
mastering the concept of fractions becomes more apparent as we start to see its potential impact
academically and professionally.
Fraction knowledge, like most mathematical concepts, is applicable outside of the typical
math class. Fraction computation is important in various academic domains such as engineering,
physics, chemistry, and economics (Lortie-Forgues, Tian, & Siegler, 2015). It is a necessity for
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many science and health-related careers as well. Beyond the academic setting, fractions become
relevant in everyday life, perhaps without much notice (e.g., in personal finances, understanding
statistics often reported in the media) (Lortie-Forgues, et al., 2015). Understanding where and
why students struggle with this concept is imperative to better prepare them for future math
courses and future success.
In the area of numerical cognition, much of the existing research has helped establish a
solid empirical foundation comprised of simple math tasks involving basic facts (i.e., addition,
subtraction, multiplication, and division) (Ashcraft & Kirk, 2001; Faust, Ashcraft, & Fleck,
1996). Building upon this established foundation, it is necessary to expand our research to
include more difficult types of mathematics (e.g., fractions) in order to better understand the
trajectory of mathematical knowledge acquisition and any apparent deficits that exist. Identifying
these deficits and understanding the cognitive mechanisms involved is not only important for the
advancement of cognitive research, but also has the potential to impact other fields as well (e.g.,
education). The following will outline the importance of fraction knowledge and highlight the
areas in which students struggle the most. The utility of eye tracking in problem-solving research
and fraction research will be reviewed. Additionally, the cognitive mechanisms involved in
fraction arithmetic will be discussed in detail, with an emphasis on executive function. While
research individually examining each of the above-mentioned concepts does exist, little research
has been conducted on the intersection of fraction arithmetic, eye tracking, and executive
function.
Fraction Knowledge
Understanding whole numbers precedes fraction knowledge acquisition, but much of
what children are taught about whole numbers does not carry over to fractions (Siegler & Pyke,
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2013). Unlike whole numbers, there are several different ways to represent the magnitude of a
single fraction; for example, 1/2 can also be written as 2/4, 50/100, and many other ways that
maintain its numerical value (Siegler & Pyke, 2013). Furthermore, multiplying two positive
whole numbers always results in a number that is greater than or equal to the two operands;
while multiplying two positive fractions that fall between zero and one always results in a
number that is smaller than the two operands (Siegler & Lortie-Forgues, 2015). Whole numbers
are also learned in sequence and knowledge of this sequence is interrupted with the introduction
of fractions and the fact that any two numbers have an infinite set of unique numbers between
them (Vamvakoussi & Vosniadou, 2004). These conceptual inconsistencies may be linked to the
disconnect that some students have between “knowing” and “doing” fraction arithmetic.
Ascertaining the inconsistencies between whole number and fraction properties and fully
grasping the concept of fractions involves mastery of both conceptual and procedural knowledge.
Conceptual and procedural knowledge each have their own role in the domain of numerical
cognition.
Conceptual and Procedural Knowledge
On the one hand, conceptual knowledge has been described as knowledge involving
properties and informational relationships (Byrnes, 1992; Hallett, Nunes, Bryant & Thorpe,
2012; Hiebert & LeFevre, 1986; Siegler, Fazio, Bailey, & Zhou, 2013). It is not simply
possessing knowledge of a particular concept but understanding how the different pieces of this
knowledge work together and are related to one another. Procedural knowledge, on the other
hand, is knowledge of the necessary steps to correctly solve a given problem, fluency with
arithmetic operations (Byrnes, 1992; Siegler, et al., 2013).
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Conceptual and procedural mathematical knowledge have been researched rather
extensively. Taking a unique approach to the study of fraction magnitude, fraction arithmetic,
and conceptual fraction knowledge Siegler & Lortie-Forgues (2015) examined the idea of
direction of effects errors. This is the notion that understanding fraction arithmetic operations
should also result in understanding the direction of effects that result from performing a
particular mathematical operation (e.g., Does performing addition, subtraction, multiplication, or
division yield an answer that is smaller or larger than the operands themselves?). In this study,
the conceptual fraction knowledge task asked participants to determine if an inequality was true
or false (e.g., “True or false: a/b x c/d > a/b). All four mathematical operations were examined
within three different populations: pre-service teachers (majoring in education at a university),
middle school students, and students who were math and science majors. Results indicated that
pre-service teachers and middle school students, while performing rather well on both the
fraction magnitude comparisons and fraction arithmetic tasks, performed poorly on the
conceptual fraction task. Given participants’ rather accurate performance on general fraction
magnitude comparisons and poor performance on the conceptual fraction knowledge task,
understanding individual fraction magnitudes may not be directly linked to the conceptual
understanding of how fraction magnitudes change as a function of applied arithmetic operations.
This could be due to a lack of understanding of how arithmetic operations impact whole numbers
differently than fractions and the directional effects that result. Furthermore, the poor
performance on the conceptual fraction knowledge task cannot be attributed to a lack of
procedural knowledge, as both groups performed rather well on the fraction arithmetic task (i.e.,
procedural fraction knowledge). Math and science majors, however, exhibited superior
performance on fraction magnitudes, fraction arithmetic, and conceptual fraction knowledge.
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This emphasizes that mastery of fraction knowledge (both procedural and conceptual) can be
achieved via additional experience and/or exposure, however, the relationship between these two
different types of knowledge is still unclear.
Research suggests that there is no single way in which conceptual and procedural
knowledge are combined when approaching math problems (Canobi, 2005; Canobi, Reeve, &
Pattison, 2003; Gilmore & Papadatou-Pastou, 2009; Rittle-Johnson & Siegler, 1998). A study
investigating middle schoolers’ fraction performance suggests a non-linear relationship between
conceptual and procedural fraction knowledge, thereby revealing different profiles (Hallett, et
al., 2012). Sixth graders yielded a four-cluster solution with (1) students with good conceptual
and procedural knowledge, (2) students with poor conceptual and procedural knowledge, (3)
students with poor conceptual knowledge, and (4) students with poor procedural knowledge.
Eighth graders, however, yielded a two-cluster solution with (1) students strong in conceptual
knowledge and (2) students strong in procedural knowledge. Additional analyses were unable to
detect any gender differences, differences in educational experiences, or differences in individual
math ability that were related to group membership. Although a rather thorough study, additional
research is needed in order to further understand what these profiles can add to our existing
understanding of children’s fraction knowledge. It is possible that these profile differences define
different types of students, however, it is also possible that these profiles may help answer some
developmental questions about the trajectory of fraction knowledge acquisition and the eventual
mastery of the concept.
How is Fraction Knowledge Studied?
Much of the existing fraction research use magnitudes and arithmetic to study general
fraction knowledge (Bailey, Hoard, Nugent, & Geary, 2012; DeWolf & Vosniadou, 2015;
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Siegler & Lorie-Forgues, 2015; Siegler & Pyke, 2013). The sections below examine each of
these approaches and will also discuss commonly used strategies and errors related to fraction
performance.
Fraction Magnitude
Number comparisons, number line estimations, or a combination of the two methods
have been shown to be a good measure for understanding whole number magnitude (e.g., Booth,
Newton, & Twiss-Garrity, 2014; DeWolf & Vosniadou, 2015; Huber, Moeller, & Nuerk, 2014;
Schneider & Siegler, 2010). These methods have been carried over into the fraction domain to
better understand students’ knowledge of fraction magnitudes. Using fraction comparisons,
participants are presented with a pair of fractions and typically asked to determine which of the
two is largest in magnitude (DeWolf & Vosniadou, 2015). Using number line estimation,
participants are either presented with a single fraction and asked to determine its location on a
number line (number to position) or presented with a number line with a predesignated hatch
mark and asked to determine the value of that hatch mark (position to number) (Iuculano &
Butterworth, 2011).
As expected, students are better at comparing, estimating, and mapping whole numbers
on a number line compared to fractions, and accuracy in fraction magnitude comparisons
increases from sixth to eighth grade (68% to 79%) (Siegler, et al., 2011). Accuracy was higher
for more common fractions (i.e., ½ and ¼), so perhaps increased exposure to less common
fractions could potentially impact performance on fraction magnitude tasks and possibly even
improve general fraction fluency. Strategy choice also varied with fraction comparisons,
resulting in two generally used strategies: (1) numerical transformation and (2) numerical line
segmentation. Numerical transformation involved converting the fraction into a more practical
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format and then mapping that number onto the number line. Conversions included rounding
fractions, converting fractions to percentages, and simplifying improper fractions. Numerical line
segmentation involved dividing the number line into halves or dividing the number line into the
number of units indicated by the denominator of the fraction given. Eighth graders were more
likely to use the transformation strategy – a clear indication of greater fraction fluency (Siegler,
et al., 2011).
Using number line estimation, fraction magnitude has been shown to be linked to
successfully learning algebra and future algebra success (Booth, et, al., 2014). Students tend to
learn more algebra-related content if they have prior knowledge of fraction magnitude. Fraction
magnitude has also been shown to have a stronger relationship with algebra readiness than whole
number magnitude (Booth & Newton, 2012). Supplementary research should be considered to
further understand the impact of fraction magnitude on algebraic knowledge acquisition. Is it
general knowledge of fraction magnitude that is related to algebra success, is it the ability to
grasp complex mathematical concepts similar to fraction magnitude that is responsible for this
relationship, and is it simply a correlational relationship or is there some causal component?
Studying fraction magnitude can help shed light on general fraction knowledge as well as
underlying deficits in conceptual knowledge. Examining specific strategies used can help
identify levels of fraction competency. Since this method has been thoroughly researched using
whole numbers, it provides fraction results with a comparator, which can help in better
understanding fraction knowledge acquisition and performance.
Fraction Arithmetic
Fraction knowledge has also been studied using various methods involving arithmetic
(e.g., Hecht & Vagi, 2010; Obersteiner & Staudinger, 2018; Siegler & Lortie-Forgues, 2015;
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Siegler & Pike, 2013). Studying fraction arithmetic (or fraction computation) can help highlight
areas of deficiencies and lead to a better understanding of what students are struggling with the
most and can help gauge level of fraction knowledge. This method can also help identify the
strategies that students are using to solve the problems they are given. Fraction arithmetic is
different than whole number arithmetic in that there is not a direct transfer of whole number
arithmetic strategies to fraction arithmetic problems, therefore, analyzing specific problemsolving strategies has the potential to yield valuable results.
Siegler, et al. (2011) extended their fraction magnitude study to include sixth and eighth
graders’ fraction arithmetic. They found that eighth graders outperformed their sixth-grade
counterparts on all fraction arithmetic operations (including problems with equal and unequal
denominators). Conceptual and procedural knowledge appear to improve from sixth to eighth
grade resulting in superior fraction arithmetic performance. This may be attributable to
additional exposure to fractions between these two grades or the procurement of knowledge of
other mathematical concepts related to fractions (i.e., proportions, percentages). Knowing where
students struggle (e.g., using whole number strategies on fractions and variable strategy use for
fraction arithmetic problems) is vital in addressing conceptual and procedural knowledge
deficits.
Studying fraction arithmetic provides researchers with an opportunity to assess the
application of conceptual and procedural knowledge. Errors made and strategies used during the
problem-solving process are indicative of level of fraction ability and can help identify common
misconceptions or shortfalls in fraction knowledge acquisition.
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Performance Strategies and Errors
Most errors that children make with regard to fractions can be identified as the
application of incorrect strategies. Experience with whole numbers when learning arithmetic can
lead to the presence of biases in fraction performance. For instance, the whole number bias
involves treating the components of fractions as individual whole numbers and performing the
given operation on those components separately (e.g., 1/2 + 2/3 = 3/5) (Braithwaite, Leib,
Siegler, & McMullen, 2019; Siegler & Pyke, 2013, Siegler, Thompson, & Schneider, 2011). In
this case, the numerator and denominator are treated as separate entities and operations are
performed on them individually. Mistakenly adding the numerators (1 + 2) and then adding the
denominators (2 + 3) is an error commonly found in fraction problems involving unequal
denominators (Braithwaite, et al., 2019; Siegler, et al., 2011; Siegler & Pyke, 2013). Sixth and
eighth graders were tested on fraction arithmetic problems across all four mathematical
operations (Siegler et al., 2011). Problems included fraction pairs that had equal denominators
(e.g., 1/7 + 2/7) and fraction pairs that had unequal denominators (e.g., 2/5 + 3/8). Sixth graders
more frequently applied the incorrect whole number bias strategy, compared to their eighthgrade counterparts, especially for fraction pairs that had unequal denominators. This suggests
that during these middle school years, students’ additional exposure and acquisition of additional
fraction knowledge helps them overcome some of this whole number bias, ultimately leading to
the correct problem-solving strategy. The propensity of these biases may be linked to individual
differences in math achievement or individual differences in conceptual knowledge.
Incorrect fraction operation is another common error found in children’s fraction
performance (Braithwaite, et al., 2019; Siegler & Pyke, 2013, Siegler, et al., 2011). This is
described as choosing a strategy that would otherwise be a correct strategy for a different
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operation (e.g., 1/4 x 3/4 = 3/4 ). Children mistakenly apply addition rules to multiplication
problems – performing the operation on the numerators only (1 x 3) while the denominator stays
the same. Children typically commit this error with fractions that have equal denominators
(Braithwaite, et al., 2019; Siegler & Pyke, 2013). Examining the performance of sixth and eighth
graders from the Siegler and Pyke (2013) study, we see that the prevalence of using an incorrect
fraction operation was higher for multiplication and division problems than it was for addition
and subtraction problems. However, level of math achievement becomes important because for
high achieving students, the use of the incorrect fraction operation strategy decreased from sixth
to eighth grade, while for low achieving students the prevalence of this incorrect strategy was
similar for both sixth and eighth graders. Again, the knowledge gains that occur between sixth
and eighth grades appear to be crucial to establishing a solid foundation of fraction knowledge.
Students who are unable to achieve these knowledge gains will likely continue to struggle with
general fraction performance. While much is known about where students are struggling,
additional research is needed to better understand why students are struggling in order to
appropriately address these deficits.
A thorough study recently investigated the distribution of fraction arithmetic problems in
textbooks and the impact that it has on children’s fraction arithmetic performance (Braithwaite &
Siegler, 2018). It was hypothesized that children choose their strategies based on learned
associations rather than learned mathematical rules and procedures (Braithwaite, et al., 2018).
Children associate equal denominators more often with addition and subtraction. Unequal
denominators and whole number-fraction operands are more often associated with multiplication
or division. For instance, when asked to choose an operation for the given operands: 1/4 __ 3/4,
children most often choose addition or subtraction and when presented with 3 __ 2/5, children
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most often choose multiplication or division. In these cases, any operation could potentially work
because the operands are independent of the operations, but the patterns of their decision-making
align with the statistical distribution of fraction arithmetic problems in textbooks. Ninety-three
percent of problems with equal denominators found in math textbooks involved addition or
subtraction, while 90% of multiplication and division problems had unequal denominators
(Braithwaite & Siegler, 2018). Researchers expanded this study to compare performance
between middle schoolers in the U.S. with middle schoolers in China. Results indicated that
students from both countries learned these spurious correlations between fraction operands and
operations, however, when tested on fraction arithmetic and asked to generate their own answers,
Chinese students significantly outperformed U.S. students and were less likely to use the learned
spurious correlations in their arithmetic problem-solving. It is possible that these performance
differences are due to potential disparities in conceptual knowledge or the additional practice that
Chinese students receive in their schooling. Additional research is warranted concerning how to
help students overcome these learned associations and how to equate students’ exposure to all
possible combinations of operands and operations. The question still remains as to if these
learned associations continue to persist into adulthood.
For adults, while finding the most effective strategy for a fraction problem can be
challenging, achievement appears to severely impact performance. When comparing fraction
magnitudes, high achieving undergraduate students more often use the demands of each unique
problem to guide their strategy choice; thereby leading them to the most effective strategy
(Fazio, DeWolf, & Siegler, 2015). Low achieving undergraduate students, however, have more
variability in strategy choice and are more likely to use what the authors refer to as questionable
strategies -- those strategies that are likely to lead to an incorrect answer. High achieving
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students seem to possess the additional knowledge necessary to effectively and efficiently
approach and solve these types of problems. The driving force behind this ability may be
differences in conceptual knowledge alone, or perhaps the way in which these students
collectively use their procedural fraction knowledge alongside their conceptual fraction
knowledge.
Another study examined the pervasiveness of whole number bias in adult magnitude
comparisons (DeWolf & Vosniadou, 2011). Undergraduate students were presented with fraction
pairs whose magnitudes were either consistent or inconsistent with whole number ordering (e.g.,
2/5 and 7/8 is a consistent pair in which the fraction with the larger magnitude consists of the
larger whole numbers; 3/8 and 2/3 is an inconsistent pair in which the fraction with the larger
magnitude consists of the smaller whole numbers). Results from this study indicated that
participants were not only faster, but also more accurate with consistent fraction pairs compared
to inconsistent fraction pairs. The additional time spent on the inconsistent fraction pairs may be
due to the interference of whole number knowledge and the need to inhibit the impulse to make
decisions solely based on this knowledge. Additional research is needed in order to determine
how to help students overcome the incorrect application of this knowledge and overcome this
bias.
Based on the literature discussed, fraction knowledge varies as a function of several
different factors. Individual differences in age, grade, culture, math ability, and exposure to
different problem types and strategies can impact fraction performance. There appear to be clear
deficits in the ability to choose the correct strategy for a given problem. The cognitive
mechanisms related to these deficits need to be further researched in order to better understand
their origins and conceivable ability to be remedied.
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The Role of Executive Function
It is possible that deficits in executive function contribute to individual differences in
fraction knowledge and fraction performance. Working memory, attention, and inhibition are
important concepts to consider. In some cases, it is necessary to inhibit unnecessary procedures
or unnecessary parts of a problem in order to solve it correctly (Siegler, & Pyke, 2013). For
instance, when presented with a fraction arithmetic problem, participants must inhibit the desire
to apply whole number strategies, which would eventually lead to an incorrect answer.
Continuous updating of working memory is also essential to keep track of necessary
computations (Siegler & Pyke, 2013). Mentally solving a multi-step math problem involves
intermediate computations, participants must update their intermediate solutions until their final
computations are complete and they are able to arrive at a final solution. The relationship
between executive function and fraction arithmetic is complex and needs to be further defined.
Working memory (WM) has been described as a mental workbench of cognitive effort in
which we keep track of in-the-moment processing of information (Radvansky & Ashcraft, 2018).
Working memory maintains, manipulates, and retrieves the information that we need for a given
task, it is limited in capacity, and is essential for executive function (Carpenter & Just, 1989;
Unsworth, Redick, Heitz, Broadway & Engle, 2009). Research on WM in numerical cognition
suggests that WM capacity is critical for performance on mental math tasks, especially tasks that
go beyond automatic retrieval and those that involve multiple steps (Ashcraft & Guillaume,
2009).
A commonly used method to test WM is a dual task. A dual task consists of two tasks
that presumably require WM resources and as one task increases in difficulty, decrements in
performance should be observed, as limited WM capacity is being divided between the two
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tasks. One study used a dual task to assess the role of math anxiety and WM in whole number
mental arithmetic (Ashcraft & Kirk, 2001). Participants were presented with arithmetic problems
that varied in size (small: 4 + 2, medium: 14 + 3, and large: 24 + 12) and in level of difficulty
(problems requiring carrying and problems that can be solved without carrying). Simultaneously,
a letter recall task was performed in which participants were asked to remember and correctly
recall a set of two or six letters. Findings from this study show clear problem size and carrying
effects – with larger problems and problems that require carrying resulting in longer reaction
times and more errors. Problem size and carrying effects were even more pronounced in the sixletter load condition compared to the two-letter load condition, especially for the high math
anxious students. High levels of math anxiety compromise WM resources, in addition to those
resources already being consumed by the letter recall task, thereby resulting in greater
decrements in performance compared to those with low math anxiety. Results from this study
also support evidence to date that WM is essential in whole number mental arithmetic, especially
for more difficult and multi-step problems (Ashcraft & Guillaume, 2009; Ashcraft & Kirk,
2001).
With regard to fraction performance and WM, a more recent study used a dual task
procedure with a rational number magnitude comparison task to further examine the potentially
different roles of verbal WM and visuospatial WM (Hurst & Cordes, 2015). Both of these
components of WM are thought to be involved in the problem-solving process, especially for
problems involving more complex tasks that involve intermediate steps of computing and
updating and those mental arithmetic tasks in which participants may be visually manipulating
problems for computation (DeStefano & Lefevre, 2004). Results from this study indicate that for
magnitude comparisons of rational numbers, there was no difference in reliance on the two
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different components of WM, until level of algebra ability was considered. Those higher in
algebra ability relied on both verbal and visuospatial WM (evident by decrements in
performance in both the verbal and visuospatial WM dual task conditions compared to the
controls), while those low in algebra ability relied heavily on verbal WM only (evident by
significant decrements in performance between the control and the verbal WM dual task
condition and virtually no difference in performance between the control and the visuospatial
WM dual task condition). This indicates that these groups are relying on different parts of WM
for rational number magnitude comparisons. This study provides empirical evidence that WM is
important in fraction manipulation, however, research is lacking concerning the role of WM
resources in the active numerical computations involved in fraction arithmetic.
Mentally working through fraction arithmetic problems requires continuous updating of
working memory to accurately keep track of the different steps involved in the problem-solving
process, so reliance on WM resources is assumed given the evidence supporting WM and whole
number arithmetic and WM and fraction magnitude comparisons (Ashcraft & Kirk, 2001;
DeStefano & Lefevre, 2004). Generally speaking, research regarding the role that executive
function plays in fraction arithmetic is complex (Bailey, et al., 2012; Mazzocco & Kover, 2007;
Siegler & Pyke, 2013). Working memory and inhibitory skills have been correlated with fraction
arithmetic accuracy and math achievement for eighth graders (Siegler & Pyke, 2013). However,
for sixth graders, fraction arithmetic accuracy was not related to working memory or inhibition,
while their math achievement was related to inhibitory skill but not working memory (Siegler &
Pyke, 2013). Additional research is needed to better define the role that executive function plays,
especially in fraction computation (i.e., fraction arithmetic). Given the complexity of working
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with fractions, it may be worthwhile to explore different working memory tasks as an attempt to
better define its role in fraction performance.
Math Achievement and Math Anxiety
Level of math achievement and level of math anxiety are important factors that can
influence performance on a given math task. Math anxiety is often defined as feelings of tension,
apprehension, or fear of those things related to math (Richardson & Suinn, 1972). Level of math
anxiety has been shown to have several cognitive consequences in regard to math performance.
Those with high math anxiety exhibit avoidance behaviors that ultimately lead to less exposure
to math in the academic setting, which in turn may result in lower math competence and
achievement. Math anxiety has been shown to be negatively correlated with math achievement.
Performance in those individuals with high math anxiety result in longer latencies and more
errors than their low anxious counterparts. During the problem-solving process, math anxiety
consumes available WM resources, resources that are heavily involved in mathematics, thereby
leaving fewer WM resources available for the task at hand – ultimately leading to significant
decrements in performance.
One study examined math anxiety and arithmetic using a verification task (Faust,
Ashcraft, & Fleck, 1996). Researchers manipulated different problem characteristics: (1)
problem size, as indicated by the size of the operands, (2) problem complexity, including
problems that did and did not involve carrying, and (3) split size for false problems which is
defined as the numerical distance between the falsely stated answer and the correct answer. In
addition to typical RT measures, researchers also created a flawed score measure – a
combination of proportion of outliers and/or proportion of errors. Those who are high math
anxious typically exhibit two measurable behaviors when solving math problems: (1) they make
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significantly more errors and (2) they tend to have more extreme scores than their low anxious
counterparts. The measure of flawed score was created in hopes of capturing both the difficulty
encountered when making an error as well as the difficulty encountered when having extreme
RTs. Results from this study show clear anxiety effects, in that high math anxious individuals
exhibited significantly higher flawed scores and slower RTs than their low anxious counterparts.
Well-defined split effects were also present, showing that RTs and flawed scores decreased as
the split size increased – suggesting that problems got easier the further away the falsely stated
answer was from the correct answer. One unexpected finding within the high math anxiety group
was that they exhibited just as high a flawed score in the large split condition (23 units away
from the correct answer) as they did in the small split condition (1 unit away from the correct
answer). This was an interesting finding considering that a greater distance between the false and
true answers typically make a problem easier, as the large split creates a rather implausible and
unlikely problem. High math anxious participants, however, had particular difficulty with
problems in this condition. Despite this unanticipated finding, this study revealed a distinct
relationship between levels of math anxiety and math performance with regard to behavioral
measures.
Individual differences in levels of math achievement and math anxiety should be assessed
when examining math performance. Math anxiety can impact overall exposure to math in general
and has been shown to compromise WM resources – both important to consider when interested
in further understanding factors that can influence overall math performance. Fractions are
thought to be a challenging concept to grasp, so including individual difference measures may be
the key to fully understanding where and why students struggle with this concept.
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The Utility of Eye Tracking
The use of eye tracking in this type of research can help identify strategies in addition to
particular parts of a given problem in which participants attend. Knowing where participants
attend during the calculation window can help identify efficient problem-solving strategies and
may help in recognizing any deficits in performance or specific areas that are prone to errors.
According to the eye-mind assumption, an individual’s cognitive processing guides their
visual fixations (Just & Carpenter, 1980; Rayner, 1998). This was first applied to reading
research to help better understand in-the-moment processing of text information. Findings
suggested that difficult text resulted in longer fixations, more regressive looks, and longer
saccades (Jacobson & Dodwell, 1979). This implied that differences in performance were not
just a function of individual differences, but also linked to text-related factors, such as difficulty.
This provided an added measure of performance as information is being actively collected during
each trial. RT and accuracy provide an overall measure of performance per trial or the amount of
time elapsed for a particular task, but eye movements or changes in pupil dilation within a trial
window provide a dynamic measure and a continuous stream of information (Faulkenberry,
Witte, & Hartmann, 2018). This can offer insight into what is happening at that particular time
point, can highlight deficits related to a specific part of the stimulus being presented, and can
even help identify a participant’s approach or strategy for a given task – all of which are
inaccessible using typical behavioral measures.
As participants survey their visual field, measurements such as location of first fixation,
number of fixations, length of fixations, and number of refixations (regressive looks) are of
particular interest. Studies utilizing these units of measure have prominently contributed to the
field of numerical cognition by providing a better understanding of what people know about
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numbers, how people solve different math problems, and how problem-related factors impact
problem-solving strategies. Location of first fixation may indicate the initial step in the problemsolving process or at least the first portion of the visual field that is being encoded (Curtis,
Huebner, & LeFevre, 2016). With math problems, this may vary as a function of the problem
type. Number of fixations, length of fixations, and number of regressive looks are indicators of
difficulty encountered during the trial window, most notably illustrated in the existing reading
research, but this is also a conceivable effect to expect with math problems of varying difficulty
(Jacobson & Dodwell, 1979).
Existing literature provides a rather solid foundation of the contributions that eye tracking
has made to the field and the validity of these measures. Fixations have been used as an indicator
for problem-solving strategies in arithmetic (Curtis, et al., 2016; Green, Lemaire, and Dufau,
2007). Participants devote different amounts of time and attention to different components of a
given problem, data which is not otherwise available via reaction time and accuracy. We are able
to see different patterns of eye movements, which imply the application of different strategies as
a function of problem type. Fewer refixations to the operands of simple addition and subtraction
problems have been linked to better performance (Hartmann, Laubrock, & Fischer, 2018).
Refixations to already encoded information may be an indication of lack of fluency or increased
difficulty with a particular component of a stimulus. Therefore, fewer refixations are associated
with higher ability, more experience, or ease of processing, thereby resulting in overall better
performance. The problem size effect has also been defined in terms of longer fixations or more
frequent fixations for large compared to small problems (Curtis, et al., 2016). Large problems
typically take longer to solve, therefore more fixations and longer fixations in this case are
indications of greater levels of difficulty relative to the small problems.
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A recent study implemented eye tracking measures to examine adult performance on
fraction addition problems (Obersteiner & Staudinger, 2018). Results show rather efficient
processing of fractions as indicated by fewer fixations to the denominators and increased
fixations to the numerators of problems where the denominators were equal. All other problem
types resulted in an increase in fixations to the denominators compared to the numerators –
emphasizing the importance of processing the denominator in order to complete problem-solving
procedures. Findings suggest that adults are able to adjust the way in which they cognitively
process fractions based on the characteristics of those problems. The eye tracking measures used
in this study provide researchers with data concerning the online cognitive processes taking place
during the calculation window. Fixations provide objective proof that participants are fixating,
encoding, and ultimately processing the different parts of the problems. The strategies applied to
the different problems are also evident via eye tracking measures – something that is not
accessible via behavioral or self-report data. Although results from this study imply that adults
process fractions rather efficiently, participants were adult students in STEM programs.
Additional research is needed to see if the same strategies are used by students with varying math
ability. It is likely that the additional exposure to math experienced by these STEM majors
influenced their level of proficiency and fluency when solving the fraction arithmetic problems.
Furthermore, this method has been applied in other areas of numerical cognition and has
been proven to be a better measure of strategy identification compared to other self-report
measures (Susac, Bubic, Kaponja, Planinic, & Palmovic, 2014). One study showed that selfreported strategies differed from strategies found using the eye tracking measure of fixations and
there was a correlation between the efficiency of the method used and number of fixations
(Susac, et al., 2014). In this study, participants were presented with an algebraic equation paired
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with a possible solution and participants were asked to determine if the given solution was
correct or incorrect. Fixation data revealed that some participants made several visual references
to the provided solution during the calculation window even though their self-report data
indicated otherwise. Eye movements provide reliable and less subjective data concerning
strategies than can be provided via self-report measures. This is promising for more difficult
mathematical concepts. Eye tracking appears to be a useful method, especially for those concepts
that involve multiple steps in order to solve them, particularly when specific problem-solving
strategies are a primary interest.
Studying fraction arithmetic with eye tracking measures provides researchers with an
opportunity to assess the application of conceptual and procedural knowledge. Errors made and
strategies used during the problem-solving process are indicative of level of fraction ability and
can help identify common misconceptions or shortfalls in fraction knowledge acquisition.
Specific eye movements can also help shed light on unavailable strategy information not
otherwise reported by participants.
It is likely a complex combination of conceptual knowledge, procedural knowledge,
executive function, and other individual differences (i.e., math achievement and math anxiety)
that can help determine what it is about fractions that make them so difficult to learn, compute,
and master. Better understanding the influential role that each of these factors have in fraction
arithmetic performance can potentially have lasting impacts in numerical cognition research as
well as other domains (e.g., developmental research, instruction, educational interventions).
Current Study
Using a dual task with both behavioral and eye tracking components, this study examined
WM and fraction arithmetic performance. The primary goals for this study were to determine the
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following: (1) the role that WM plays in fraction addition, (2) identify, via eye movements,
problem-solving strategies that are commonly utilized to solve fraction addition problems, and
(3) assess how individual differences in math achievement, math anxiety, and conceptual fraction
knowledge potentially impact fraction performance.
With regard to WM, decrements in performance were expected for more difficult
problems (easy versus hard), larger problems (single-digit versus double-digit denominators),
and for the six-letter load condition compared to the two-letter load condition. Hard problems
and larger problems require more intermediate steps and involve manipulations of larger
numbers, thereby requiring more WM resources. The six-letter load condition was expected to
tax WM resources more than the two-letter load condition, thereby leaving less WM capacity
available for use on the math task. These clear problem size effects were expected with both
behavioral (RT and accuracy) and eye tracking measures (fixation duration, number of fixation,
and number of regressive looks). Problem size effects in behavioral measures were expected to
result in longer RTs and higher error rates. Problem size effects in eye tracking measures were
expected to result in longer fixation durations, more fixations, and more regressive looks.
More efficient problem-solving strategies were expected from the high math achievement
group. This group is presumed to have more general math knowledge and potentially more math
experience, which in turn may result in more efficient strategies. Efficiency was expected to be
characterized by fluent eye movements -- shorter fixations to each area of interest (AOI) of the
problem, fewer fixations, and fewer regressive looks. Any areas of difficulty encountered were
anticipated to be highlighted by an increase in fixation duration, more fixations, and more
regressive looks
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Overall performance was assessed concerning individual differences in levels of math
achievement and levels of math anxiety. High math achieving students and low math anxious
students were expected to outperform their low achieving and high anxious counterparts in both
behavioral and eye tracking measures. These achievement and anxiety effects were anticipated
by overall longer latencies, more errors, longer fixation durations, more fixations, and more
regressive looks for the low achievement and high anxious groups. The low achieving group may
not have as much experience with fractions or may lack the procedural or conceptual knowledge
needed to successfully complete the task. The high anxious group may be impacted by their
avoidance of math-related tasks and the cognitive implications that their anxiety has on their
WM capacity.
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CHAPTER 2
METHOD
Participants
A total of 57 undergraduate students from the University of Nevada, Las Vegas
participated in this study (42 female, 14 male, 1 no response; MAge = 22.33 years). Participants
from this sample self-identified as the following: 26.32% Asian/Pacific Islander, 26.32%
Caucasian, 24.56% Hispanic/Latino, 10.53% African American, 1.75% Native American, and
10.53% Multi-racial/Other. Participants were recruited via the Psychology Department’s subject
pool and compensation included two research credits for two hours of participation.
Materials
Stimuli were presented on a PC using E-Prime 2.0 software (Schneider, Eschman, &
Zuccolotto, 2012). An SMI Eyelink iView X Hi-speed eye tracker measured participants’ eye
movements during the fraction arithmetic task with a sampling rate of 500 Hz. The SMI eye
tracker included a chin and forehead rest to help minimize participant movement.
The math computation subtest of the Wide Range Achievement Test - 3 (WRAT) was
administered to assess level of math achievement. The WRAT is a 40-item pencil and paper
math assessment. Problems ranged from single-digit addition and subtraction to solving for
unknowns in algebraic equations. Participants received one point for each correct item, scores
were based on the total number of correct items out of 40 possible points.
The shortened-Math Anxiety Rating Scale (sMARS) was administered to assess level of
math anxiety. The sMARS is a 25-item assessment that asks participants to rate, on a scale from
1 to 5, how anxious they would feel in a variety of math-related situations.
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Tasks
Dual Task
A dual task was used in which a fraction addition task and a memory recall task were
performed simultaneously. The fraction arithmetic task (the primary task) consisted of fraction
addition problems that varied in difficulty and size. The memory load task (the secondary task)
presented participants with a two-letter set or six-letter set of letters to remember and later recall.
The two-letter load condition presented participants with a string of two letters.
Participants were asked to commit the string of letters to memory and then asked to mentally
solve a fraction arithmetic problem. After solving that problem, participants were asked to
perform a letter recall task in which they verbally recalled the letters in the order that they were
presented prior to the onset of the fraction arithmetic problem. The six-letter load condition was
similar to the two-letter load condition in that the only difference was the set size of letters that
the participant was asked to remember and later recall. Math only and letter only control
conditions were also used to assess performance on the arithmetic task and the recall task
independent of one another
Post-Study Interview
A brief interview was conducted immediately following completion of the dual task. The
purpose of this interview was to assess participants’ conceptual fraction knowledge of how to
solve fraction addition problems. The key point was to identify whether each participant
differentiated between solving problems that had fractions with the same denominators versus
solving problems that had fractions with different denominators.
Stimuli
The fraction arithmetic portion of the dual task included a total of 80 problems. Practice
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problems were presented prior to the onset of each block to ensure that participants understood
the study procedures.
In the full dual task, the two-letter and six-letter load conditions were comprised of 20
problems each. These problems varied in difficulty (10 easy and 10 hard problems) and in size
(10 problems with single -digit denominators and 10 problems with double-digit denominators).
Easy problems were defined as problems where the denominators of the operands were the same
and where one operand was a unit fraction; thereby necessitating fewer steps in the problemsolving process (See Table 1). The unit fraction was the first operand for half of the problems,
for the remaining half, the unit fraction was the second operand. Half of the easy problems had
single-digit denominators and half had double-digit denominators (not exceeding 13). Hard
problems were defined as problems where the denominators of the operands were different, there
were no unit fractions, and where one denominator was not a multiple of the other; thereby
requiring a multi-step problem-solving process (See Table 1). The smaller of the two fractions
was the first operand for half of the problems, for the remaining half, the larger fraction was the
first operand. Half of the hard problems had single-digit denominators and half had double-digit
denominators (not exceeding 13). All fractions were positive, proper fractions. Problems that
included operands that were doubles (e.g., 1/3 + 1/3) and problems whose answers were equal to
one (e.g., 4/5 + 1/5) were excluded. All problems were randomized within each condition and
unique problems were used across all conditions.
The memory recall task consisted of letter strings that were comprised of non-repeating,
non-consecutive letters (e.g., two-letter load condition: D and L; six-letter load condition: S, Q, J,
T, E, K). To avoid chunking and other short-cut memorization strategies, letter combinations that
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formed meaningful words were not used. Letter frequency was also controlled to ensure equal
representation of each letter across conditions (See Appendix A).
The math only control condition included five easy and five hard problems for each of
the load conditions (the two-letter load condition and the six-letter load condition) for a total of
20 unique problems. The letters only control condition included five easy and five hard problems
for each of the load conditions for another set of 20 unique problems. The control conditions
were perceptually identical to the experimental conditions. For the math only control condition,
participants were asked to read the string of letters out loud before the onset of the math problem
and asked to read those same letters again after the math problem – participants were not asked
to remember or recall any information for this condition. For the letter only control condition,
participants were asked to read an already solved math problem out loud between the remember
and recall stages of the experiment – participants were not asked to perform any mathematical
computations for this condition.

Table 1
Examples of Problem Types

Single Digit Problem
Double Digit Problem

Easy Problem

Hard Problem

1/4 + 2/4
1/10 + 6/10

2/5 + 4/7
7/11 + 5/12

Procedure
All participants received the same measures. The order of the dual task conditions and
controls were counterbalanced to minimize order effects. Upon obtaining informed consent,
participants were asked to fill out a questionnaire containing demographics questions in addition
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to questions about their math education and math experience. The sMARS was then administered
prior to the start of the experiment to assess participants’ level of math anxiety. The researcher
read the instructions out loud to the participant and walked them through the first question. The
participant was then asked to complete the remaining 24 questions of the sMARS independently.
Participants were positioned in the eye tracker and presented with a 13-point calibration
sequence. Upon successful calibration, participants were presented with one of the dual task or
control conditions and asked to complete each task as quickly and as accurately as possible. Prior
to being presented with each problem, participants were given a string of letters that they were to
commit to memory. Once they had those letters memorized, they indicated (via a keypress) that
they were ready to proceed. At this point, the math problem was presented centered on the screen
and participants indicated when they have solved the problem by pressing the spacebar on the
keyboard and then saying their answer out loud. Upon pressing spacebar and verbalizing their
answer, an answer box appeared on the screen and the experimenter entered their answer for
them. If a participant indicated that they had forgotten how to solve fraction addition problems,
the experimenter would encourage them to continue and to try their best. Once their answer was
entered, participants were then asked to correctly recall the string of letters that they were
presented with prior to the onset of the problem. Their recalled answers were entered by the
experimenter into an answer box on the screen and recorded upon pressing the enter key. All of
these steps were repeated for the remaining three conditions (See Figure 1). In between each
condition, participants were given a 2-minute break from being in the eye tracker.
For eye tracking purposes, prior to each problem being presented, participants needed to
fixate away from the center of the screen (where the problem would be presented) in order to
assure accurate measures of fixation duration and fixation count for the problem-solving portion
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of the dual task. After each string of letters was presented, but before the problem appeared, a
rectangular visual cue randomly appeared in one of the four corners of the screen. Participants
were asked to fixate on the visual cue until the problem appeared.
Immediately following completion of the dual task, a brief post-study interview was
conducted. Each participant was asked the following: Explain to me how you would solve a
fraction addition problem. If a participant differentiated between the two different problemsolving circumstances (solving problems that have fractions with the same denominators versus
solving problems that have fractions with different denominators), they were then asked: On a
scale from 1 to 10, how confident are you in the response that you just provided? For participants
who did not differentiate between the two problem-solving circumstances, they were prompted
with an example of each problem type and asked the following: Explain to me how you would
solve a problem like this. They were then asked to rate their confidence in their responses. All
responses were audio recorded, transcribed, and coded for level of conceptual fraction
knowledge.
Following the interview, participants were given 15 minutes to complete the math subtest
of the WRAT. After the allotted time, participants were debriefed and compensated for their
time.
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Figure 1. Timeline of the dual task procedure

Areas of Interest
For analyses of the eye tracking measures, each problem was divided to obtain separate
AOIs for each numerator and denominator of each fraction (See Figure 2).

1
4

2

+

Figure 2. Sample AOIs for eye tracking analyses
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CHAPTER 3
RESULTS
Data Analyses
Behavioral measures of RT and accuracy and eye tracking measures of fixation duration,
number of fixations, and number of regressive looks were recorded during the problem-solving
portion of the dual task. Accuracy was the only behavioral measure recorded for the letter recall
portion of the dual task. Behavioral and eye tracking measures were analyzed independently. A
median split was executed on participants’ scores on the WRAT and sMARS to create high and
low achievement groups and also high and low anxiety groups. Using the responses from the
post-study interview, two conceptual knowledge groups were created (knowers and nonknowers). “Knowers” were defined as those participants who distinguished between the
problem-solving process required for addition problems with fractions that have the same
denominators versus the problem-solving process required for addition problems with fractions
that have different denominators. “Non-knowers” were defined as those participants who did not
differentiate between the two different problem-solving processes. It is worth noting that once
prompted with example problems, all participants were able to identify the procedural
differences between solving fraction arithmetic problems with the same denominator versus
problems with different denominators.
Separate 2 (high/low math achievement) x 2 (2-letter load/6-letter load) x 2 (easy/hard) x
2 (single-digit/double-digit) mixed model ANOVAs were used to analyze RT and accuracy.
Separate 2 (high/low math achievement) x 2 (2-letter load/6-letter load) x 2 (easy/hard) x 2
(single-digit/double-digit) x 4 (AOIs) mixed model ANOVAs were used for each eye tracking
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measure. Each of these analyses were repeated using level of math anxiety (high/low) and
conceptual fraction knowledge group (knowers/non-knowers) as the between-subjects factor.
Participant Exclusions
Of the 57 participants recruited for this study, five participants were excluded due to not
following study instructions, four participants were excluded due to poor calibration, three
participants were excluded due to computer issues, and one participant was excluded because
they asked for multiple breaks during each block. One additional participant did not consent to
the interview portion of the study (although all other data for this participant were usable).
Outlier analyses were performed on RT data and any values 2.5 SDs above or below the mean
were excluded from analyses -- this resulted in the exclusion of an additional 91 trials from the
remaining 44 participants.
Tracking ratio, a percentage measure of tracking of non-zero gaze positions across the
duration of each condition, was used as an additional exclusion criterion. No additional
participants were excluded due to low tracking ratios.
Control Conditions
Letters Only Control
Overall recall accuracy was used to gauge baseline performance for the letter recall task - this was a measure of total accuracy across each trial, for each of the load conditions (i.e., two
letters for the lighter memory load condition and six letters for the heavier memory load
condition). Overall recall accuracy for the letters only control condition resulted in an anticipated
main effect of load condition F(1, 37) = 107.410, p < .001, hp2 = .744 (See Figure 3), as well as
an unanticipated main effect of problem difficulty F(1, 37) = 81.999, p < .001, hp2 = .689. The
mean percent accuracy for the two-letter load condition and the six-letter load condition were
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84.67% and 44.44%, respectively, so the impact of the heavier load is evident even without the
added computations from the arithmetic task. These main effects were superseded by significant
interactions between load condition and problem difficulty, F(1, 37) = 7.655, p = .009, hp2 =
.171, and between problem difficulty and problem size, F(1, 37) = 5.040, p = .031, hp2 = .120.
Problem difficulty and problem size were not expected to impact performance in the letters only
control condition as there were no actual mathematical computations required – participants were
simply reading, out load, problems that had already been solved for them. Accuracy for the letter
recall trials that were paired with more difficult or larger problems unintentionally resulted in
more errors. Individual differences in level math achievement and level of conceptual fraction
knowledge resulted in a significant three-way interaction for load condition, problem difficulty,
and math achievement group, F(1, 37) = 5.266, p = .028, hp2 = .125, as well as a significant
interaction between problem difficulty and level of conceptual knowledge, F(1, 42) = 8.443, p =
.006, hp2 = .167 (See Figures 4 and 5). For level of math achievement, although the two-letter
load condition results in higher accuracy compared to the six-letter load condition for both
groups, as do the easy versus hard problems in both load conditions, performance differences
become more pronounced between the two achievement groups for easy and hard problems in
the six-letter condition, with higher achieving individuals making fewer errors across the
different problem types and outperforming their low achieving counterparts. For level of
conceptual knowledge, accuracy was comparable for both groups (knowers and non-knowers)
for easy problems (71% and 73%) and we see a significant decrease in accuracy for the hard
problems (61% and 51%). A plausible explanation may be that simply reading the fraction
arithmetic problems (that vary in difficulty) inadvertently consume some WM resources, which
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may interfere with the ability to accurately remember the string of letters, thus resulting in these
unexpected performance differences in the overall accuracy for this control condition.

Figure 3. Overall Recall Accuracy for the Letters Only Control Condition. Significant main
effect of load condition, F(1, 37) = 107.410, p < .001, hp2 = .744.

Figure 4. Overall Recall Accuracy for the Letters Only Control Condition. Significant three-way
interaction for load, problem difficulty, and level of math achievement, F(1, 37) = 5.266, p =
.028, hp2 = .125.
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Figure 5. Overall Recall Accuracy for the Letters Only Control Condition. Significant interaction
for problem difficulty and level of conceptual fraction knowledge, F(1, 42) = 8.443, p = .006, hp2
= .167.
The number of letters correctly recalled in the correct position for each trial was also used
to assess participant performance for the letters only control condition to obtain a baseline
measure of recall ability. Results revealed several significant main effects and interactions ( See
Table 2). There was an expected main effect of load, along with an unexpected main effect of
problem size. Similar to accuracy results previously discussed, we had unexpected significant
interactions between load and problem difficulty, load and problem size, as well as problem
difficulty and problem size. These were superseded by a significant three-way interaction for
load, problem difficulty, and problem size, F(1, 42) = 46.921, p < .001, hp2 = .528. Individual
differences in level of math achievement resulted in two significant interactions: load condition
and math achievement, F(1, 37) = 6.460, p = .015, hp2 = .149 (See Figure 6), and problem
difficulty and math achievement, F(1, 37) = 4.461, p = 0.41, hp2 = .108. It appears that simply
reading the math problems that vary in difficulty and in size may be impacting accuracy on the
letter recall task. For the two-letter load condition, the mean number of correctly recalled letters
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was 1.78, while the mean for the six-letter load condition was 4.24. Even without the added
pressure of the full dual task and the essential mathematical computations from the arithmetic
phase of the study, recall is not perfect and appears to be quite susceptible to interference.

Table 2
Number of Letters Correctly Recalled Results for the Letters Only Control Condition: Significant
Main Effects and Interactions

Load
Load x Math Achievement
Problem Difficulty x Math Achievement
Problem Size
Load x Problem Difficulty
Load x Problem Size
Problem Difficulty x Problem Size
Load x Problem Difficulty x Problem Size

F-value

p-value

135.253
6.460
4.461
193.277
8.624
149.301
33.929
46.921

< .001
.015
.041
<.001
.005
<.001
<.001
<.001

h p2
.785
.149
.108
.821
.170
.780
.447
.528

Figure 6. Number of Letters Correctly Recalled for the Letters Only Control Condition.
Significant interaction for load condition and math achievement, F(1, 37) = 6.460, p = .015, hp2 =
.149.
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Math Only Control
Percent accuracy was used for the math only control condition to obtain a baseline
measure of performance. Analyses for accuracy in the math only condition resulted in main
effects of load, F(1, 35) = 14.875, p < .001, hp2 = .298, problem difficulty, F(1, 35) = 47.418, p <
.001, hp2 = .575, and problem size, F(1, 35) = 14.473, p < .001, hp2 = .293. There was also a
significant interaction between load condition and problem difficulty, F(1, 40) = 21.611, p <
.001, hp2 = .351 (See Figure 7). This interaction was unexpected given that memorization and
letter recall were not required, and each load condition included the same number of hard singledigit problems and hard double-digit problems. While easy problems resulted in comparable
performance across load conditions, the hard problems included in the six-letter load part of the
math only control condition resulted in a significant decrease in accuracy compared to the hard
problems included in the two-letter load part of this condition, 71% accuracy versus 51%
accuracy, respectively. There may have been something inherently more difficult in the problems
included in the six-letter load condition. In terms of individual difference measures, level of math
achievement, math anxiety, and conceptual fraction knowledge did not impact the percent
accuracy measure.
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Figure 7. Percent accuracy for the Math Only Control Condition. Significant interaction for load
condition and problem difficulty, F(1, 40) = 21.611, p < .001, hp2 = .351.
Reaction time analyses for the math only condition yielded several significant main
effects and interactions (See Table 3). Load condition, problem difficulty, problem size, and
level of math achievement impacted overall performance in terms of latencies. Again,
unexpected effects of load condition may be attributable to the disproportionate error rates of the
hard problems in the six-letter load condition. In terms of individual differences, as expected,
low achieving participants are taking significantly longer to respond compared to their high
achieving counterparts for the hard problems as illustrated by the significant interaction between
problem difficulty and level of math achievement, F(1, 20) = 12.807, p = .002, hp2 = .390 (See
Figure 8). Easy problems, on the other hand, appear to be equally as easy for both achievement
groups.
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Table 3
Reaction Time Results for the Math Only Control Condition: Significant Main Effects and
Interactions

Load
Problem Difficulty
Problem Difficulty x Math Achievement
Problem Size
Load x Problem Difficulty
Load x Problem Size
Problem Difficulty x Problem Size
Load x Problem Difficulty x Problem Size

F-value

p-value

50.402
192.529
12.807
6.732
53.604
7.247
6.993
7.005

< .001
< .001
.002
.017
<.001
.014
.016
.015

Figure 8. Reaction time for the Math Only Control Condition. Significant interaction for
problem difficulty and level of math achievement, F(1, 20) = 12.807, p = .002, hp2 = .390.
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h p2
.716
.906
.390
.252
.728
.266
.259
.259

Dual Task Behavioral
Accuracy
Percent accuracy was used to measure behavioral performance for both the math portion
and the letter recall portion of the dual task. Percent accuracy was defined as the number of
correctly answered trials out of the total number of trials per condition.
Percent accuracy analyses for the math portion of the dual task revealed, as predicted,
significant main effects of load condition, F(1, 41) = 10.201, p = .003, hp2 = .199, and problem
difficulty, F(1, 41) = 68.322, p < .001, hp2 = .625. Accuracy was higher for the two-letter load
condition compared to the six-letter load condition as well as for the easy problems compared to
the hard problems. A significant interaction between load condition and problem difficulty was
also present, F(1, 41) = 5.122, p = .029, hp2 = .111. A ceiling effect was present for the easy
problems between the two-letter and six-letter load conditions and then we see a decrement in
performance for the hard problems, with accuracy never exceeding 60% between the two load
conditions. Easy problems were extremely easy, requiring only a single step of adding the
numerators, so these results were expected. Hard problems, on the other hand, appear to be rather
difficult (the operands had different denominators, thereby requiring intermediate calculations),
resulting in similar performance across load conditions. Significant interactions between load
condition and problem size, F(1, 41) = 25.075, p < .001, hp2 = .379 (Figure 9), and problem
difficulty and problem size, F(1, 41) = 35.167, p < .001, hp2 = .462 (See Figure 10), were also
present, providing additional behavioral evidence of the problem size effect.
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Figure 9. Percent Accuracy for the Math Portion of the Dual Task. Significant interaction for
between load condition and problem size, F(1, 41) = 25.075, p < .001, hp2 = .379.

Figure 10. Percent Accuracy for the Math Portion of the Dual Task. Significant interaction for
problem difficulty and problem size, F(1, 41) = 35.167, p < .001, hp2 = .462.
Percent accuracy analyses for the letter recall portion of the dual task resulted in expected
main effects of load condition, F(1, 32) = 167.237, p < .001, hp2 = .839, problem difficulty, F(1,
32) = 52.149, p < .001, hp2 = .720, and problem size, F(1, 32) = 4.847, p = .035, hp2 = .132; all of
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which were superseded by significant interactions between load condition and problem
difficulty, F(1, 32) = 4.714, p = .037, hp2 = .128, and load condition and problem size, F(1, 32) =
8.728, p = .006, hp2 = .214. These interactions show that the heavier memory load condition
resulted in poorer performance across problem difficulty and problem size, with higher recall
accuracy for trials paired with easy and single-digit problems versus hard and double-digit
problems. Working memory resources were more heavily taxed in these conditions, thereby
resulting in expected decrements in performance. Individual difference measures also revealed
several significant interactions. There was a significant interaction between load condition and
level of math achievement, F(1, 28) = 4.575, p = .041, hp2 = .140 (Figure 11), in that we see a
decline in accuracy from the two-letter load to the six-letter load condition for both math
achievement groups; however, the high math achievement group is performing slightly better
than their low achieving counterparts in the six-letter load condition. The additional experience,
knowledge, and/or exposure that this group may have compared to the low achievement group
may allow them to utilize their WM resources differently – perhaps relying more heavily on their
WM capacity for the letter retention and recall and less for the procedural nature of the math
problems. A significant three-way interaction was also present for load condition, problem
difficulty, and level of math anxiety, F(1, 32) = 9.057, p = .005, hp2 = .221 (Figure 12). We had
similar patterns for each of the anxiety groups – seeing a significant decrease in letter recall
accuracy within each group between the easy and hard problems as well as between each of the
load conditions. Unexpectedly, however, percent accuracy between the low and high anxiety
groups did not significantly differ across problem difficulty or load condition. In this case, level
of math anxiety does not appear to impact participants’ letter recall accuracy as initially
expected, while the heavier memory load condition is clearly consuming WM resources. Another
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three-way interaction was revealed for the individual difference measure of level of conceptual
knowledge along with problem difficulty, and problem size, F(1, 32) = 5.929, p = .021 hp2 = .156
(Figure 13). Having prior conceptual fraction knowledge did not impact letter recall accuracy for
those trials paired with hard problems, as both groups had similar error rates for hard single-digit
problems as they did for hard double-digit problems – these problems appeared to be equally as
difficult for each group regardless of conceptual knowledge. The non-knowers (those who were
unable to identify the procedural difference between solving a fraction addition problem with
operands containing the same denominator versus operands containing different denominators),
however, exhibited significantly more errors for the trials paired with the easy double-digit
problems compared to the easy single-digit problems – not knowing the procedural difference
may have made these problems more difficult than they were intended to be, thereby requiring
additional WM resources and interfering with the ability to correctly recall the letters.

Figure 11. Percent Accuracy for the Letter Recall Portion of the Dual Task. Significant
interaction for load and level of math achievement, F(1, 28) = 4.575, p = .041, hp2 = .140.
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Figure 12. Percent Accuracy for the Letter Recall Portion of the Dual Task. Significant
interaction for load condition, problem difficulty, and level of math anxiety, F(1, 32) = 9.057, p
= .005, hp2 = .221.

Figure 13. Percent Accuracy for the Letter Recall Portion of the Dual Task. Significant
interaction for problem difficulty, problem size, and level of conceptual knowledge, F(1, 32) =
5.929, p = .021 hp2 = .156.
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Latency
Reaction time analyses for the math portion of the dual task resulted in a hypothesized
main effect of problem difficulty, F(1, 32) = 185.667, p < .001, hp2 = .853. There were also
significant interactions for load and problem difficulty, F(1, 32) = 4.215, p = .048, hp2 = .116,
and load and problem size, F(1, 32) = 11.267, p = .002, hp2 = .260, all of which were superseded
by a three-way interaction for load, problem difficulty, and problem size, F(1, 32) = 12.189, p =
.001, hp2 = .276. These results provided support for the presence of the problem size effect –
discernible by significant increases in RT from easy to hard problems and from single-digit to
double-digit problems. The only individual difference measure that revealed a significant result
with RT data was math achievement, revealing a significant interaction with problem difficulty,
F(1, 28) = 13.852, p < .001, hp2 = .331 (See Figure 14). This interaction followed an expected
pattern with similar performance between the two achievement groups for the easy problems. We
start to see differences in latencies for the hard problems only, suggesting that the easy problems
were fairly easy regardless of group membership, however, obvious differences in math
achievement become noticeable as problems increase in difficulty (e.g., requiring additional
steps, more effort).
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Figure 14. Reaction Time for the Math Portion of the Dual Task. Significant interaction for level
of math achievement and problem difficulty, F(1, 28) = 13.852, p < .001, hp2 = .331.
Dual Task Eye Tracking
Number of Fixations
Number of fixations (or fixation count), the number of fixations inside an AOI, were
analyzed for the math portion of the dual task. Although these analyses did not result in any
conceptual fraction knowledge effects, we did have several predicted main effects and
interactions (See Table 4).
Figure 15a shows a significant interaction for problem difficulty, problem size, and level
of math achievement, F(1, 28) = 8.415, p = .007, hp2 = .347. For easy problems, we have a floor
effect illustrated by both achievement groups making approximately the same number of
fixations for easy single-digit problems and easy double-digit problems – as previously discussed
with the behavioral data, easy problems are fairly easy. Clear differences, however, begin to
emerge as problems increase in difficulty – high math achieving individuals are making fewer
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fixations to the hard problems compared to low math achieving individuals. Furthermore, for the
high achievement group, we also see no difference in fixation count between the hard singledigit and the hard double-digit problems, this group appears to be approaching these problems in
the same way regardless of problem size. For the low achievement group, however, we see a
significant increase in the number of fixations to the hard double-digit problems compared to the
hard single-digit problems, thereby suggesting that the double-digit problems are being perceived
and approached differently for this group. Figure 15b shows the same pattern as Figure 15a, as
illustrated by a separate three-way interaction for problem difficulty, problem size, and level of
math anxiety, F(1, 32) = 4.432, p = .043, hp2 = .122. For these results, the low math anxiety
group is performing just as the high math achievement group performed for the significant threeway interaction previously discussed. For both anxiety groups, easy problems are quite easy and
then performance differences are revealed for the hard problems as the hard double-digit
problems result in significantly more fixations for the high math anxious groups compared to the
low math anxious group. Those who are high math anxious may be experiencing shortfalls
related to limited WM resources available compared to those who are low math anxious.
The eye tracking results involving areas of interest are worth discussing in further detail,
as they start to reveal a little more about what participants are doing during the calculation
window and how they are approaching these different types of problems. There was a significant
interaction for load condition, AOI, and math achievement, F(3,84) = 2.918, p = .039, hp2 = .094
(See Figure 16). Overall, for the two-letter load condition, while the low math achievement
group consistently shows more fixations to each AOI compared to the high math achievement
group, we still have similar patterns of looking between the groups. This pattern is illustrated by
increased looking to the numerators of each of the operands compared to the denominators,
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along with the most fixations being made toward the numerator of the second fraction. This
increase in fixations to the numerator of the second fraction may be an indication of some sort of
planning/strategizing or perhaps some intermediate calculating. For the six-letter load condition,
fixation patterns between the two groups begin to diverge. The low achievement group while still
showing a large number of fixations toward the numerators, in this heavier load condition, are
looking at the numerator of the first fraction the most – suggesting either a different problemsolving strategy or an indication of some difficulty. The high achievement group, on the other
hand, is still showing the most fixations toward the numerator of the second fraction. It is
possible that the heavier memory load condition may be having a greater impact on the low math
achievement group compared to their high achieving counterparts. Interestingly enough,
however, this pattern is unlike patterns found in existing research where it has been shown that
participants look more toward the numerators compared to the denominators in problems where
the denominators are the same and look more toward the denominators compared to numerators
in problems where the denominators are different (Obersteiner & Staudinger, 2018). Our results
show greater looking toward the numerators regardless of problem type.
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Table 4
Number of Fixations Results for the Math Portion of the Dual Task: Significant Main Effects
and Interactions
F-value

p-value

Load
AOI
AOI x Math Anxiety
Load x Problem Difficulty
Load x Problem Size
Problem Difficulty x Problem Size
Problem Difficulty x Math Achievement
Problem Difficulty x Problem Size x Math Achievement
Load x Problem Difficulty x Problem Size
Load x AOI

18.452
62.642
3.219
20.956
62.575
69.782
5.389
8.415
22.125
7.649

<.001
<.001
.026
<.001
<.001
<.001
.028
.007
<.001
<.001

h p2
.366
.662
.091
.396
.662
.686
.161
.231
.409
.193

Problem Difficulty x AOI
Load x Problem Difficulty x AOI
Problem Size x AOI
Load x Problem Size x AOI
Problem Difficulty x Size x AOI
Load x AOI x Math Achievement

4.771
14.010
7.028
25.201
3.537
2.918

.004
<.001
<.001
<.001
.018
.039

.130
.304
.180
.441
.100
.094
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(a)

(b)
Figure 15. Number of Fixations for the Math Portion of the Dual Task. (a) Significant interaction
for problem difficulty, problem size, and level of math achievement, F(1, 28) = 8.415, p = .007,
hp2 = .347. (b) Significant three-way interaction for problem difficulty problem size, and level of
math anxiety, F(1, 32) = 4.432, p = .043, hp2 = .122.
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Figure 16. Number of Fixations for the Math Portion of the Dual Task. Significant three-way
interaction for load condition, AOI, and level of math achievement, F(3,84) = 2.918, p = .039,
hp2 = .094.
Fixation Duration
Fixation duration, the sum of all fixation durations in a particular AOI, was also analyzed
for the math portion of the dual task. Results from these analyses show significant main effects
of problem difficulty, F(1, 28) = 82.711, p < .001, hp2 = .747, and AOI, F(3, 84) = 6.920, p <
.001, hp2 = .198, both of which were superseded by several significant interactions. We have a
significant interaction between load condition and AOI, F(3, 84) = 7.045, p < .001, hp2 = .201,
problem difficulty and AOI, F(3, 84) = 3.846, p = .012, hp2 = .121, as well as problem size and
AOI, F(3, 84) = 6.046, p < .001, hp2 = .178. These findings, as predicted, suggest that as more
WM resources are recruited for the heavier load, the more difficult problems, etc. fixation
duration increases – another clear indication of the problem size effect beyond typical behavioral
measures. Math achievement and level of conceptual knowledge were the only individual
difference measures that resulted in significant interactions for fixation duration. There was
significant interaction between problem difficulty and math achievement, F(1, 28) = 12.149, p =
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.002, hp2 = .303 (See Figure 17), and AOI and level of conceptual knowledge, F(3, 93) = 2.976, p
= .035, hp2 = .085. As predicted, Figure 17 reveals the same pattern that was illustrated in Figure
14, with no difference between achievement groups for easy problems, but a pronounced
difference for the hard problems – resulting in very evident problem size and achievement
effects. These significant interactions were superseded by significant three-way interactions: load
condition, AOI, and level of math achievement, F(3, 84) = 3.743, p = 014, hp2 = .118 (See Figure
18), and problem difficulty, AOI, and level of conceptual knowledge, F(3, 96) = 3.054, p = .032,
hp2 = .087 (Figure 19). For both load conditions, the high math achievement group is consistently
outperforming the low math achievement group. While fixation duration patterns are similar for
the two-letter load condition with an increase in fixation duration to the numerator of the second
fraction, we see a pattern change for the low achievement group within the six-letter load
condition, marked by an increase in fixation duration for the numerator of the first fraction.
Similar to fixation count results, this may be an indication that the low achievement group may
be applying different problem-solving strategies for problems in this condition or may be an
indication of some intermediate calculations. Given their lack of additional math
experience/exposure, they may be relying more heavily on WM resources. Figure 19 shows
mean fixation duration results for the individual difference measure of conceptual fraction
knowledge. For easy problems, we have near floor effects for both conceptual knowledge
groups, including a slight increase in length of fixation duration to the numerator of the second
fraction. Patterns diverge with hard problems, however unexpectedly, knowers are showing a
significant increase in fixation duration to the numerator of the first fraction (compared to nonknowers), but still the longest fixation duration to the numerator of the second fraction. It was
anticipated that knowers would approach problems differently than non-knowers, however, their
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performance was expected to be faster and/or more efficient (i.e., marked by shorter fixation
times and fewer fixations overall).

Figure 17. Fixation Duration for the Math Portion of the Dual Task. Significant interaction for
problem difficulty and level of math achievement, F(1, 28) = 12.149, p = .002, hp2 = .303.

Figure 18. Fixation Duration for the Math Portion of the Dual Task. Significant three-way
interaction for load condition, AOI, and math achievement, F(3, 84) = 3.743, p = 014, hp2 = .118.
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Figure19. Fixation Duration for the Math Portion of the Dual Task. Significant three-way
interaction for problem difficulty, AOI, and level of conceptual knowledge, F(3, 96) = 3.054, p =
.032, hp2 = .087.
Refixations
Regressive fixations (refixations or revisits) were defined as the number of looks in an
AOI originating from outside that AOI, minus one (the original fixation). As predicted, analyses
of the mean number of refixations resulted in several hypothesized main effects and interactions.
Results revealed significant main effects of problem difficulty, F(1, 32) = 158.087, p < .001, hp2
= .832, problem size F(1, 32) = 7.670, p = .029, hp2 = .089, and AOI, F(3,96) = 3.127, p = .029,
hp2 = .089. There were also significant interactions between load condition and AOI, F(3,96) =
3.010, p = .034, hp2 = .086, and problem size and AOI, F(3, 96) = 3.000, p = .034, hp2 = .086.
These results were superseded by significant three-way interactions for load condition, problem
difficulty, and problem size, F(1, 28) = 4.566, p = .041, hp2 = .140., and problem difficulty,
problem size, and AOI, F(3, 84) = 6.874, p < .001, hp2 = .197., producing similar patterns to what
we had for our other eye tracking measures. Again, we see a very clear problem size effect, with
easy problems and single-digit problems (as expected) eliciting fewer refixations compared to
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hard problems and double-digit problems, especially in the heavier memory load condition. The
numerator of the second fraction may be a critical point along the problem-solving process, as it
appears to be where participants are spending the most time (i.e., longer fixations, more
fixations, more revisits). Perhaps this is where participants are performing the most computations
– revisiting that number during cross multiplication or revisiting while trying to maintain
intermediate calculations.
Individual differences in level of math achievement and level of conceptual knowledge
revealed several significant interactions. We had a significant interaction between difficulty and
level of math achievement, F(1, 28) = 6.071, p = .020, hp2 = .178, and AOI and level of
conceptual knowledge, F(3, 96) = 3.242, p = .025, hp2 = .092. These results were also superseded
by several three-way interactions that will be discussed in further detail. There was a significant
three-way interaction for load, problem size, and level of math achievement, F(1, 28) = 4.283, p
= .048, hp2 = .133 (See Figure 20). For the two-letter load condition, the high math achievement
group is outperforming the low math achievement group, with significantly fewer refixations for
both the single and double-digit problems. For the six-letter load condition, it appears that the
high math achievement group is still performing at about the same level as they were for the
lighter load condition with just under two fixations for both problem types. Interestingly enough,
it appears that the low achievement group may have altered their problem-solving approach,
resulting in fewer refixations for single-digit problems in the heavier load condition compared to
the lighter load condition. Level of math achievement also resulted in a significant three-way
interaction with problem size and AOI, F(3, 84) = 3.073, p = .045, hp2 = .099 (See Figure 21). As
evidenced by previous eye tracking results, again, we have the pattern of increased looking (in
this case, refixations) to the numerator of the second fraction, especially for the high
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achievement group. This suggests a different problem-solving strategy between the two groups –
the higher achieving group is revisiting the numerator of the second fraction more than all other
AOIs of the problem, perhaps indicating a point of intermediate calculations or additional
planning/strategizing. The lower achievement group, however, is still looking back at the
numerator of the first fraction just as much as the numerator of the second fraction – perhaps
indicating their intermediate computations or potential areas of uncertainty. These patterns get
washed out a bit for the high math achievement group when we look at the double-digit
problems. Higher math achievement individuals are still looking back at the first numerator
significantly less than the low math achievement individuals, however, looking across all the
AOIs are about the same and there is no longer an increase in looking toward the numerator of
the second fraction.
Level of conceptual knowledge was significant with problem difficulty and AOI, F(3, 96)
= 3.072, p = .031, hp2 = .088 (See Figure 22). For easy problems, we have near floor effects for
both knowledge groups, with the knowers revisiting the numerator of the second fraction the
most. This pattern gets amplified for hard problems with almost four times more refixations for
the problems in this condition. The pattern for non-knowers, however, gets washed out for harder
problems with similar number of refixations to each of the AOIs, thereby suggesting the
application of a different problem-solving strategy compared to what was applied to the easy
problems.
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Figure 20. Refixations for the Math Portion of the Dual Task. Significant interaction for load,
problem size, and level of math achievement, F(1, 28) = 4.283, p = .048, hp2 = .133.

Figure 21. Refixations for the Math Portion of the Dual Task. Significant interaction between
problem size, AOI, and level of math achievement, F(3, 84) = 3.073, p = .045, hp2 = .099.
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Figure 22. Refixations for the Math Portion of the Dual Task. Significant interaction problem
difficulty, AOI, and level of conceptual fraction knowledge, F(3, 96) = 3.072, p = .031, hp2 =
.088.
Regression
Regression analyses were conducted to assess whether individual differences in level of
math achievement, level of math anxiety, conceptual fraction knowledge, and confidence ratings
were good predictors of performance. In addition to the conceptual fraction knowledge measure
that was used in previous analyses, we computed a second conceptual fraction knowledge
measurement from fraction problems included on the WRAT. Of the 40 possible problems on
WRAT, nine of them involved some sort of fraction computation. Accuracy for those nine
problems was assessed in order to obtain a conceptual fraction knowledge score that we call
“conceptual WRAT score.” The conceptual WRAT score was used as a possible predictor in our
regression analysis. Separate regression analyses were conducted for the following performance
measures for the math portion of the dual task: RT, accuracy, fixation count, fixation duration,
and number of revisits. A difference score was calculated for each of the performance measures
using the grand mean of the two-letter load condition and the grand mean of the six-letter load
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condition. Results from stepwise regression analyses yielded no significant predictors in this
model. The conceptual WRAT score as well as the conceptual fraction knowledge measure used
in these analyses may not be as good of a measure of conceptual knowledge compared to other
measures used in existing research (i.e., fraction magnitude performance).
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CHAPTER 4
DISCUSSION
The intersection of fraction arithmetic, eye movements, and the role of working memory
in fraction performance is something that has yet to be thoroughly researched and clearly
defined. The primary aim of this study was to use a dual task with both behavioral and eye
tracking components to determine the following: (1) the role that WM plays in fraction addition,
(2) identify, via eye movements, problem-solving strategies that are commonly used to solve
fraction addition problems, and (3) assess how individual differences in math achievement, math
anxiety, and conceptual fraction knowledge potentially impact fraction performance.
Our findings were consistent with our predictions with regard to the presence of the
problem size effect (with both problem difficulty and problem size). The problem size effect was
characterized by longer latencies and higher error rates for easy compared to hard and singledigit compared to double-digit problems. As problems increased in difficulty or in size,
participants took longer and made more errors – intermediate computations were needed during
the problem-solving process, suggesting that these types of problems required more cognitive
effort. Anticipated problem size effects were also evident through the eye tracking measures of
fixation count and fixation duration – as problems increased in difficulty and in size, participants
displayed more frequent and longer fixations. These eye tracking results aligned well with the
behavioral results, suggesting that the problem size effect is not something that is unique to only
whole number arithmetic or behavioral measures of RT and accuracy.
Existing research supports the notion that WM is an essential component when it comes
to mathematical concepts that go beyond basic facts – specifically those that require active
calculations and involve multiple steps (Ashcraft & Guillaume, 2009). Using the dual task
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paradigm allowed us to further investigate the role that WM plays in fraction arithmetic,
particularly, fraction addition. Results showed that WM is essential when solving fraction
addition problems, as evidenced by decrements in performance between the two-letter memory
load and the six-letter memory load conditions. Working memory is consumed by the letter
recall task and having to manipulate and solve a fraction addition problem while attempting to
maintain the string of letters in memory resulted in not only longer latencies and more errors
with the math portion of the dual task, but also impacted eye tracking measures. We saw
increases in fixation count, fixation duration, and number of refixations as a function of memory
load. Based on these findings, WM is crucial for fraction arithmetic, at least in this dual task
format.
An additional goal for this study was to identify commonly used problem-solving
strategies when solving fraction addition problems. Participants’ eye movements allowed us to
see exactly what they were doing during the calculation window without the concern of selfreport strategies (which can often times be inaccurate). Unlike some of the existing literature, our
findings show consistent increases in fixations to the numerators of each fraction compared to
the dominators and this pattern continues for easy versus hard problems, single-digit
denominators versus double-digit denominators, as well as for the two-letter load versus the sixletter load conditions. Overall, results also showed more fixations to the numerator of the second
fraction compared to all other areas of interest. Even for easy problems (where one fraction was
a unit fraction and the denominators of the two fractions were the same), we still have a slight
increase in fixations to the numerator of the second fraction – so this part of the problem appears
to be central to the problem-solving process. For more difficult problems, this could be where
participants are fixating during intermediate computations (during cross-multiplication and when
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trying to find the sum of those products), or where some additional planning/strategizing is
occurring for subsequent steps. In the future it would be compelling to look at the fixation
patterns for other operations as well to see if or how problem-solving processes differ as a
function of mathematical operation.
With problem-solving being a main focus of this study, refixations (or regressive looks)
is a measure that merits a separate discussion. Research in reading has shown that refixations
increase as a function of text difficulty (Everatt, Bradshaw & Hibbard, 1998; Murray &
Kennedy, 1988; Rayner, 1978; Underwood, Hubbard & Wilkinson, 1990). The current study
further supports the theory that refixations may be a good measure of fluency in the mathematics
domain as well. Our findings revealed that the number of refixations varied by problem type, in
addition to individual differences in math achievement and level of conceptual fraction
knowledge. Easier problems resulted in fewer refixations, as did single-digit problems. The
performance of the low math achievement group may be a result of their lack of math experience
– this could be anything from not having basic facts memorized to not being exposed to fractions
for some time. Refixations may be necessary for each of these groups in order to proceed with
the problem-solving process. Further examining refixations, we saw that the refixation pattern of
looking was similar to the patterns found for number of fixations and fixation duration across the
four different AOIs. The numerator of the second fraction resulted in the most refixations – this
is expected if we think about the steps necessary to solve a fraction addition problem involving
fractions with different denominators. Participants are likely to compute the first step of crossmultiplication rather quickly and would arrive at the numerator of the second fraction for the
second part of cross-multiplication. Refixations may be necessary in order to complete those
intermediate computations in order to arrive at the numerator of the final answer. Those
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individuals who are more fluent in fraction arithmetic require fewer refixations and arrive at the
same answer significantly faster and with greater ease.
The efficacy and utility of eye tracking in numerical cognition research was undoubtedly
supported by our findings. Eye tracking measures (specifically, fixation count, fixation duration,
and refixations) bring a more objective approach to the problem-solving process and the
strategies used during a given calculation window. Refixations are a promising and often
unappreciated measure that should be more widely used in cognitive research. Knowing those
areas in which participants must consistently reread or revisit is key to better identifying failures
in the application of conceptual or procedural knowledge. Within the realm of numerical
cognition, pairing traditional cognitive measures (i.e., RT and accuracy) with underutilized eye
tracking measures (i.e., fixation count, fixation duration, and refixations) will allow us to better
identify participant fluencies, potential deficiencies, as well as any applied problem-solving
strategies, thus providing us with a more comprehensive understanding of mathematical
knowledge not otherwise obtainable via traditional cognitive measure alone.
Limitations and Future Directions
Due to the complexity of this study’s design (i.e., dual task, behavioral measures, eye
tracking measures, post-study interview) and the difficulty that participants encounter when
solving fraction problems, it was not possible to include more problems of each type (i.e.,
easy/hard, single-digit/double-digit) or more than one mathematical operation in the dual task.
Future studies should use the same study design with more problems along with the remaining
three operations (subtraction, multiplication, and division) in order to truly examine what
participants know or don’t know about fraction arithmetic and the problem-solving processes
involved in each operation. Using behavioral and eye tracking data from all four mathematical
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operations can provide a better understanding of general fraction knowledge and any potential
areas of difficulty.
Conclusion
Fractions continue to be a challenging mathematical concept for individuals of all ages
and being introduced to this concept early on in education does not appear to mitigate the
difficulties that students still encounter with fraction computations, estimations, etc. Taking a
more comprehensive approach to these more difficult mathematical concepts is necessary. Eye
tracking methodology adds an additional dimension to otherwise rather straightforward
traditional cognitive measures. Further research examining the intersection of complex math
tasks, executive function, and eye tracking are necessary in order to better understand the
complex relationships that exist among these constructs.
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APPENDIX A
LETTER FREQUENCY ACROSS ALL CONDITIONS

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W
X
Y
Z

9
9
9
9
10
9
9
9
9
9
9
9
9
10
10
9
9
9
10
10
9
9
10
9
9
9
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